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REVIEW OF DIMENSIONAL INSTABILITY IN METALS

R. E. Maringeyr*

high degrees of precision in manufactured parts will
continue to increase during the next decade, and

This memorandum discusses some of the that these will be extended into broader segments

1problems that arise as t result of dimensional in- of industry not yet fully affected by the increased
stability, and presents data on stability, precision requirements for precision.
mechanical properties, and stabilization procedures
for a variety of materials. In the past, the distortion oz dimensional

instability of metals was studied mainly for the
The term, dimensional instability, as it purpose of eliminating or reducing relatively large

is used in thlat', memorandum, refers to chItnges in changes in dimensions In such parts as castings and
dimensions that occur over a period of time in a die blocks. Most of these applications involved
specimen withou' external loading. The two primary ferrous alloys, and a considerable volume of research
mechanisms that cause dimensional instability in was conducted to study the mechanisms leading to
metals are (1) metallurgical inntabllity and (2) distortion, and methods for its reduction. A sum-
relaxation of residual stresses. There are, in mary of the information available on this subject
addition, more subtle metallurgical reactions that was presented in MIC Report 163, "Control of Di-
are not well understood. These may include the mansions in High-Strength Heat-Treated Steel Part¢*.
effacts c- ordering of interstitial and srbstitu-
tional *toms, the effects of grain-boundary migra- Additional information of a somewhat dif-
tion, and movements of magnetic domain walls. Some f%,.ent character is needed to meet material require-
of the characteristics cf the mechanisms leading to ments for recent developments in precision devicos•
dimensional changes are discussed in this memorandum. such as bearings, gyros, accelerometers, and missile-

guidance systems. In these applications, very high
dcgrees of precision and dimensional stability may
be needed over long periods of time. The metals

Interest in the dimensional stability and involved range from the more conventional alloy
in the precision mechanical properties of materials steels and aluminum alloys to the newer metals -
continues to run high. Therefore, this memorandum titanium, beryllium, Wnd the refractory metals.

has been prepared. It is intended to supplement Interest also has been shown in composite structures
DMIC Memorandum 189 ("A Review of Dimensional (sandwich, laminates, etc) and in normetallics -
Instability in Metals", by F. C. Holden, March 19, glass, ceramics, and plastics. In general, material
1964). Information and ideas which have come to selection is limited by factors other then dimen-
our attention since that time are included here. sionel stabilityl examples are strength/density,
Much of the discussion is exactly as it was in the resistance to corrosion, elastic amod's, and meg-
earlier report; however, none of the data included netic behavior. The necessity for achieving speci-
in the earlier report is repeated here. fled physical or mechanical properties in addition

to stability of dimensions frequently leads to diffi-
M GOM= culties, since the processing requirements often

are Incompatible.
The dimensional stability of a material

refers to its ability to maintain its original size Another problem area is involved with the
and shape over a period of time under specified conditions of service under which dimensional stabi-
environmental conditions. Although the term is self- lity is to be maintained. The influenco of teimpero-
explanatory, it becomes necessary not only to ture and stress, both steady and cyclic, combined
specify the conditions to which the material is ex- with the presence of various types of fields ar
posed, but also the accuracy to which dimensional the most imp~rtant variables. A part of the di-
changes are measured. Because true dimensional mensional change is (in most materials) unavoidable
stability can be defined as an absolute concept, but predictables thermal expansion and contraction
it may be more realistic to consider the degree of from temperature changes, and elastic strain from
instability that can be measured with suitable stress application, for example. The*e effects
accuracy. usually can be compensated for by suitable design,

and can be minimized by careful selection of material.
Improved techniques of metrology developed For example, the thermal expansion can be reduced to

during the past decade or two have increased the essentially zero over a restricted temperature range
potential & .uracy of such measurements by one or by selecting a suitable alloy of the Invar type.
two orders of magnitude. Similarly, the require- Elastic strains can be minimized by using a msari-I
ments of 4ndustry and government, as exemplified by al with a high cmastic modulus, and by designing
the needs of missile and space systems, have become for low stress levels. The thermal-expansion and
increa~ingly stringent. Manufatturing m~thi-4s hawo olastic-strain effects are essentially reversible,
been Improved to the point where tolerances speci- and are not ordinarily considered as a form of di-
lied in microinches (millionths of an inch) are be- mensional instability.
coming commonplacel In many Instances, it Is Impor-
tant not only to manufacture e component with such Many of the available date have bea ob-
precision, but also to ensure that its dimensions do tained on specimens that are mnot subjected to
not change during service. It. may be expec.ted that ternal loads other them their on weight. This
the standards for producing and maintaining very -- •1" is because mach of the initial reseawch in

'As•ociate Chief, Mechanical Metallurgy Division, this field wes done to develop iqmmod methods for

Bottelle Memorial Institute, Columbus, Ohio, making reference standards, such as blocks,
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rather thin compnont subjeot te oxtional lnoa. 2efficient of linear expansion (a) relates the change
Onteother hands, e parts inprecision equip- oftemperaturetote resulting temlstrain,an

untar sbjcte t sres drig ad*#even the Woe magnetostriction coefficient (h') relates
though the struis, levels usually ase vmativly low. the magnitude oý an applied magnetic field to the
It bee been abasi~ed that defoxmatlo, t:'* 19 in- corresponding linear dimenslonal change,
dependent and time A.----d-en.1, can oc'.r A;
miceinob-arInw a I~ at stresses well below the Within restricted rwAse of temperature
cONvenOtional yield strt .s or propoation& I limit. and tolerance, these dimensional changes can be
As an example, the con~tention~Al yield intrength considered calculable and reversible, for these
(0.2 percent offset) for wnutot 4061 alveinrm &I- parameters (Is a, 1) are usually express"d as con-
!oy was reported to be 40,000 pit, whereas the stants. It Is well known, howevr, and oust be
precision elastic limit was abcut 12,000 psi. remembered, that they ore really average, values.

Studies an the meohaisms of microstrain path, depending upon whether the applied force,
have been carried cut rather Intensively in recent temperature,- or field is increasing or decreasing.
years. Although terminologies very, the terms This path difference traces out a hysteresis loop
'peeoision elastic limit" and *mic**=re" limit" too for example, shown In figure 2.
have, been used to designate the stresses at whichI
time-independent and time-dependent Ils tic Cow A second example, for zirconium is given
occur. The precision elastic limit fPUL) is defined in Figure 3. These data emhasize the magnitude
as the lowest stress at which a specified residual attainable by the hysteresis loop and the signif I-
strain (usually of I microinch per inch) is detected. cance* this behavior may often have in precision
It is ordinarily determined by loading to succosive- mechanical-pzoperty considerations. Tide-dependenpt
ly increasing stresses in tension until a residual after effects are often associated with such
strain is detected (Figure 1)0Ia The microcreep hyr-toresis behavior, as shown in Figure 4. Data
limit, as defined by Hughel,l I is the lowest such as these lead to the generalization that
stress sufficient to cause a progressive Increase plastic deformation, in the absonco of stress relief,
In residual strain on three successive loadings, often (perhaps always) adversely affects the di-

mensional stability.
As a result of the foregoing, it appears

that in a stressed part, the importance of micro- The Importance of using 'a.ution when da-
strain, as distinguished from true dimensional In- fining various precision mechanical prpoerties, and
stability, must be recognized. For convenience, when Interpreting data from other sources cannot be
therfore,9 the total dimensional change is con- overemphasized* for examlop some authors prefer
sidered to be composed of three partes to define elastic limit as the lowest stress at

which the hysteresis loop is observed on a cyclic
(1) Recoverable dimensional changes; time strass-strain curve. But AU~ known~ stress-strain

Independent (these generally asre under- curves exhibit hysteresis. This is the basis of
irood and predictable, and include the whole field of internal friction. Therefore,

elastic ttrain, thermal exansion, and such data must be considered In relationship to the
magnetostrictive strain) and time do- sensitivity of the experimental equipment Involved.I
pendent (these include stress-induced
and Pagnetically induced ordering). These so-called revarsible effects can be

predicted and, to a degree, minimized individu.'.ly,
(2) Plastic deformation (microstrain)l this provided that other considerations do not preclude

term Includes the Irrecoverable plastic a free choice of material and condition. The three
strains, time dependent and time Inds- effects described hore frequently are, to a depue.
pendent, that result frv&L -applied related. For examle, all-*. of the Iron-nickel
stress. type designed f~r low coefficient of *xexpans de--

pond upon msgnetostrictive effects to accomplish
(3) Dimensional instability; this tarm to this, as do similar alloys with a controlled varie-

"rPorved here for changes in dimensions tion of elastic modulus with temperature. Inaver
resulting from Internal st~ress systsms and Ni-Span-C are two examples of such alloys.
or metallurgical Instability (such as
precipitation or phase charges); that Is, For most purposes, the conventional hand-
changes that "ccur In the absence of book values for the parameters 8. a. 1%, are suffl-
external forces. clently accurate to provide design Informiation.

Where greater accuracy it needed for a specific
In the. discussions that follow, these spplicatwioý It probably will be necessary to con-

three causes of dimensional change are discussed, duct ei,~'rime#.'s on the particular mastrils and
and available information on how they can be can- condition -.. be used, since variations in composition
trollod io presented. Emhasis is placed upon the and structure are likely to be, significant.
causes and effects of dimensional instability.

As it Is mployed here, the term micro-
Certaln generally considered recverable strain is defined as t..s irrecovorable plastic

d~mensional changes result frois external changes strain resulting from a" applied stress. It has
In stress, temperature, and magnetic fields. both been pointed out for emay years that the value*
linear &nd voluee changes are involved. T'he elastic the elastic limit and Ow proportional limit of a
Fodulus (a) r*satos the magnitudit of the applied Ometal, as cmnwoauntioecly defined, depend upon the
stress to the corresponding elastic straint the co- precision of the strain measurement. Advances In

O friguzos begin on paop 9. measorement twew~ni@ now have Progressad to the

ee Rfi~encs ar gien n paes an ~.point where residual strains an be measuted to theRefrenosa77ivn;7§777- an S



resolution of better than 1 x 10- with resistance small dimensional changes is arderit.;.
strain gages, and to 1 x 10-7 or 1 x 10-8 by Individual solute atoms often will tend
suitable capacitance gages. Etch pit and internal- to occupy specific positions in t',
friction techniques permit ever greater solution solvent lattice relative to like or
(see Figurea 5). unlike stomtk. Decause these reactions

are controlled by the diffusivity of the
The precision elastic lisi'; (P11.) is the solute in question, the reaction rates

stress at which the residual strain is 1 microinch are distinguishod by a relatively strong
per inch. This rather arbitary numer is a simple tamperaturt dependence. Small dimen-
recognition of the fact that, as shown in Figure It sional changes will follow changes in
the ultimate strength, or even the yield point is stress, magnetization, or possibly
ftr too coarse a number for the designer of pre- temperature. Such "eactions can be to-

cision equipment to use. A comparison of some of sponsible for worm-up times for osell-
these nmabers for various materials seeo Tables lating devices, hysteresis behavior I
j..5C and Figures 6-15) emphasize this point. Akring the stress cycle, or time depen-

dmtce AILJU reaching some fixed new
The residual aicrostrains corresponding temporature.

to the precision elastic limit or the anelastic
limit are considered to be essentially time inde- (2) An alloy that rejects a second phase

pendent. Studies of time-dependent deformation at from solid solution (typica: of the age-
microstrain levels also have been conducted. The hardening alloy systems) will usually
term "pcorelimit" has been defin~id by wndergo a gradual chaow In volum. The

progressive increase in residual strain on three times and temperature, and upon the degree
successive loadings to the sm* stress level, of departure from phase equilibrium. The
For beryllits, it was found that the microcreep reaction also may be sensitive to Applied
limit was significantly higher than the precision stress, the application of vibrational
elastic limit. In other work, microcreep in Invar energy, and the level of impurities in the

and 356-T6 aluminum at room and slightly elevated alloy. Data from such a change are given
temperatures has been observed at stresses near for the steels listed in Table 6 and in
(and in some instareos below) the elastic limit. Figures 32-39.
Various examples are given In Figures 16-31.

(3) A maoal or alloy that undergoes a trans-
D!2ICMA INSASL&UM formation from one allotropic form to

another will change in volume. The
The term *dimensional instabilityn, as it change may be positive or negtive.

Is used here, refers to changes in dimensions that depending upon the relative specific
occur over a period of time in a specimen without volumes of the two phases. In steol# for
external loading. Data hae" been reported for a examle, the transformation from austenite,
number of metali and alloys exposed both at con- to mortensite results in a volume increase,
stant tempiersatu and to temperature cycling. the magnitude of which It depenont upon~

alloy composition.

MecaDIaMA LoAding to Dimens!.onal
instability in Metals (4) Coabinationt of the sevvral mechanisms

described above may occu.r concurrently.
The two primary mechanism that cause For examle, a steel may exhibit siaml-

dimensional instability in metals are reasonably taneously a positive volume change from
well known. These are (1) metallurgical instability the transformation of retained austenite
and (2) relaxation of residual stresses. There and a negative volume change from the
are, in addition, more subtle metallurgical re- tempering of martensita. Thus, the net
actions that are not so well understood. Those voline change may be positive, negative,
may Include the effects of ordering of Interstitial or terol it also may change frre on* to
and substitutional atoms, the effects of grainr- the other ove. a period of tie.. as one
boundary migration, wad wriewvents of w.~wtic domain me-chanisa becomes dominant over another,
wells. The effects of radiation on dlaensional An esamlo of this Is shown In figure 40,
changes and on properties of saitarisi., particularly whtich Illustratts 0tJ. dimensic--ai th~anges
fuel element materlals, have been c -died "r- cccuring In a maraging sttel during the I
teriiAvelyj however, those are considered - be be- conurse cf its host treatoont. I

yodthe scope of this mestorandtm. 51ome of ~
mentlonal changes are discussed In the following9 Waion treateamits art given In Tabl-ýi 7-13 and in
sections. Figures 41-56 for 2024. W ', *.A _"M-76 aluminums

alloys. 310, 413, 420. 17-7.4' a" i7-4Pi stainlels
~taliuric~l Mch~Ims*teq, cast **"*eSum alloys, anod ottwr materials.

(1) Metals or alloy& that do no~t undergo a knitaal-St"e1i Mechaisq
phase change form one of the simplest
class*$ of materials. The only apparent Shap distortlons introdj.ee4 by the we-
microttruc~tual ctarges are In grain laxetion of residujal stresses are *wostst vo~re
size$ shaspe, and ortentation. One 'tIfficult to analyze. R.z-sldual *tresses post fre-
metallurgical chantge wh-ich can cause 4riently Are Introdwced durlf* fabrication or heat

treatment. Figures U-%6 2ive #ezomps of diment-

0 Tab!.$ begin on p~ae 27. ia ntbiWi te.tcusdbpras



4
piestic defoz-mtion. Of particular importance in A different form of residual stress can ae set
this respect re" = residual str e resulting up as a result of changes in temperature if the m-
from machining. iflnield, at &I,' show stresses torial in question is anisotropic in its therml
n high as 39,000 psi (Figure 57) to exist near tha expansion. In most noncubl materials, the thermal
• sfaeet of turned beryllium. This acquires added expansion coefficient differs appreciably in differ-
sirgificance when compared to a PEL for the sma ant lattice directions. Sewzal exmplet are shown
mterial of near 2,000 psi. That such stresses in Figure.s and 68 Therefore, when the teoera-
aM not unique to berllum is jipor from a compre- turte of a polycrystalline agRregate changes, an op-
hensivo study by ZIatin, at a 3,13) who •nvestigated precvible amount of stress can be bujl up between
the effects of machining variables on residual adjacent grains. Divide,*ov, at &1,15) have calcu-
etresses in a 250-grade moarging steel, TI-SAl-Vo- lated how these stresses depend upon the temera-
IV, Inconel 718, and Waspeloy. These residual tura change for a variety of materials. Their da
.tre~se (exales are given in Figures 5-61) are shown in Table 14. figure 66 shows the extent
concentrated near the surface, can contribute to which such stresses can produce matellogrsphdcal-
significantly to dimmsional Instability if they ly observable damage, even in mildly anisotropic
are sufficiently high to induce microcreap. It is material such as zirconium. Figures 67-70
often difficult to remove these *tress*s, even after show the extent to which dimensions and density
a high-tampersture anneal (Figure 62). can be affected by thermal cycling in such materials.

Curing such a situation can become complex, for the
thermal expansion coefficient itself is apparently

Just how much such stresses can affect the influnncad by both heat treatment (see Figurea 71
dimensions of a pgr$ is illustrated by en expert- and 72) and by the method of fabrication (see
mset of Gert* s.1 4 ] Using comorciailly obtained Figure 73).
" block* of 52100 steel, Eggert electropolished
off about 0.010 inch from one side. As shown in Data which appear to be releteo to both
Figure 63, two blocks testvd decreased 177 and 223 retsIdual-strses patterns and incomplete transform-
microinches per inch, respectively. Thus, under tion in 52100 steel are shown in Figure 74 and in
such conditions of residual stress, any subsequent Tablas 15-19. The data show not only a remarkable
wear or annealing or shock must be expected to In- effect of neutron irradiation on the dimensional
duce a change in dimensions. stab) ity -. 52100 steel, but an even more remark-

able InfluL.nce of the .%tailization treatment en
the effect of the neutron Irradiation.
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A .epresents 304 stainl.s B, Type 405 stainless N represents Nitralloy 135 modified; P, Type 17--4P-

steel. The numbers preceded bj + or - indicate stainl~s- steel. The numbers preceded by + or -
average stability in (microin./in.)/yr. (See note.) indicate average stability in(microin./itn.)/yr. (See

note.)

NOTE TO FIURES 49. 50, and 51

The 101O steel war carburized by packing In a Annealed 410 stainless steel was case harden-
proprietary carb'vriztn~g conmpound and heating to ed by nitridiLng. Nittriding was performed in ar.
1750 F for 10 hours. The case was hardened by .e- aimsonia utmosphere at 1020 F for 40 to 44 hours.
heating the specimens to 1625 F fo: 15 .'•nutes jn The cas pr~oduced was 0.00)9 in. thick and had a
a neutral salt bath and quenching in brine. The, hardness in excess of Rc 65. All faces were ground
specimens were stabilized by imoediately re.•rtgera- to remove the white layer and prepare the gaging
ting at -140 F •or 18 to 24 hour'3, tempering at surfaces for lapping. The •pecimen~s were than
25(, F for 1 hour, re-refrigerating at -1.40 F for 24 demagnetized, stress reli~eved at 975 F for 3 hours
hours, and agsin tempering at 250 F for 9 hours, and lappexd to size.

AIL surfaces were ground to remove only a The nitrided 4i0 staeinless steel specimens
portion of the case, After grinding, the specimens have been observed for about 5 years and have ,craven
were stress relieved at 250 F 2or 1-1/2 hr and any to be e-•tremely stable. As shown in Figure 49, the
residual magnetism remaining from contact with the instability •.s less than 0.1 x i0"6 (tn,/in.4/yr,gr•.nd-ng chuck removed with a demagnetizing coil, being +0.06 and -0.01 M 10"6 for socimns F 330

and F 333, respectively.

This steel, heat treated, si~abilized, and fab- The principle uf applTing nitrided cases to
ricated ss described, possesses qualities of un~tra- anae aeil a xeddt ye 0 n 0
stabllit• which to date have been unsurpassed. Over sainneleds steel.l Ths degrened o tobiltyF~ exhibitd4
a four-year period the measured changes in length sanessel h ereo tblt xiie
for two specimens have been +0.01 and -0.01 x 10-6 by all specimens observed for periods varying from
•in./in.)/yr. Curves illustrating this performance fourteen months to almost three years was an ex-
are _shown in Figdre 49 (speclmens L 377 and L 379). cellent 0.20 x 10-6 (in,!in,)/yr or better

(Figure 50).
Almost as good a degree of stability was=

obtined
4 I- b~,; ardning the. .,,vfaeg.' of !01O 'tset

specimens af~er ca•rbonitrdldng. The specimens wereC Nitralloy 13~5 modified was treated in .;everal
cdrbonitrided in an appropriate atmo.sphere at 1600 r way's. The best treatment consisted of hardening
for 4-i,/2 I•o,: to give a case depth of about 0.022 from 1725 F and tempering at 1200 F for 2 hours to
in.. The surf~ces were harsdened by heating the produce a hardness of Rc 34, Specimens were nitrided
3oechnwr, tc 1650 F in neutral salt and quenching at !000 F for about 40 fhours. Th white layer was

in bri.ne, followed by stabilization and temperin•_ *•round off of the nongaging surfaces aiiJ the gaging
treat.'-pr's •dentlca1 to tho~e niven the carburized surfaces were gsosnd in prepar~tion for lapping.
bl•ocks• The hard~ened faces were ground to leave After a stress relief of 975 F for 3 hours, the
about 0 C8 in. of case on tba gaging surfaces, but specimens were rough lapped and then stres• r•! ievsd
alt of the c.,e on the non-gaging srfaces was come- a second time at 1000 F for 2 hours prior to finish
pieelv renuvedbe Specimens were d bs+quent strn ate lapping The gage blocks thus produced had a high
r.,geved at blt F for 2 hours, demagnetized, and degree of stability. The two specimens obserSed
¼priprie. *•v-fouri-year period th change in (N 326 and N 328) shoi d a very slight growth rate
hetiwan -th.ep e nd +s.o1 F f0o 1i,5/In.)/yr fo' of 0.10 and 0.17 x wa0 (0.0/in.)/yr, respeciavely

ec~imns L 3st and il 387, respectively, (see Figure (Figure 5t)r

49ga 1C o 1 o2 ortmprn tsrae frlpig h .pcmr eeta

2( F for@•. ...... hovr . er•.ge n at -14 F for 24 deageizd stes reivdat95Ffo.or
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40.45 Holding time at annealing tamp 30 min
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Annealing T4Werature-00

FIGURE 53. RELAT ION BETWEEN LENGTH-CHANGE AND
ANNEALING TF)IPERATURE AFTER COLDWOERKING -0.09 ' '' a SI
MOR EUTCTOID STE&1JARS CONSISTING OF 0 200 400 600 900 1000.

LAMELL1AR PEARLIt Annealing T~empature
FIGURE 550 RELATION BElEEN LENGTH CHANGE AND

Curve as for 5.3% elorqated specimens, ANNEALING TDIffRATURE AFTER OL 0WOERKIXNG
Curve bt for 5.% compresaed specimenxý MOR EJTUCTOID STEC-' OARS COlNSISTING OF

Holding tiwo at annealing temp 30 mm
Curve as for 5.6% elongated specimens
Curve bi for' 5.8% compressed specimens
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FIGURE 60. EFFECT OF UIEEL SPEED ON RESIDUAL FIGUJRE 61. EPFFCT OF REEL HARDNESS ON RESIDUAL
STRESS AFTVR) SURFACE GRINDING TITANIUM STRESS AFT41) SURFACE CBRINDING TITANIUM

Aged, 302 BHN aluminum oxide wheel Aged, 302 BHN aluminm. oxide wheel

SCALE

30.0

3.0

3500 1100 1100 900 700 S"0 300

THrRM~AL TREATINV TXMPERATJRE f..

FIGURE 62. EFFECT CF TIME AND TEMPERATURE ON THE RELIEF OF SURFACE STRESS RESIDUAL TO MACHINING IN HOt-
PRESSED BERY]Ir1 (2% BeO) BASED ON A 95% CLNFIDE.NCE LEVEL EQUJAL TO OR GREATER THAN T~HE

*Stress relief can be conducted in air temperatures as high as 900 r as lw~g as appropriate safety pre-
cautitons are observed. Above 900 F, stress relief should be conducted in an Inert atmosphere (such as
nrgon) anid in accordance with appropriate safety preg..utiorns.
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TABLE 1. Pa X ARAT3 WQIA•R() TABU 3. TAOOOG l M WIRIS OF 'A- i(s) (10)

FPecision Ultimate GrainElartt sticp Stenth A, ma,,li, ao, 10 Ob Os
aPi p si 4

Hi*h-piurty aluina 23,000 23,000
H10-pnmit beryllia I 120 350 0,010 35004-WA0

(Ceric) 20, 20,000 2 100 <W200 0.029 1900 13,000
Gless-boodd mice 4,000 9,000 3 1wo0 <200 0.0e1 1600 7,1G0
Hot-p*ssed beryllium 2,000 40,000 4 2300 200 0.2W0 2000 6,000
AZ-l magnesitum rod 6,000 34,000 5 1800 ("Rgd 200 0.01 - -
A356-T6 alu.iumi casting 12,000 40,000 100 h?
2024-T6 aluminm extrusions 25,000 W6,000 1200 F)
6AL-4V titsnita rod, an. 70,000 150,0O0 6 2300 (aged )200 0.26
31C ý.es steel rod, CR 100 hI

and SR 11,000 120,000 1200 F)
Tool steel, high speed 50,000 190,000 7 2300 (aged 0.28 - -
Inconsl X 65,000 150,000 114 hI, ,, ,,,,, ,,1000 F)

a 1200 -4f 0O48 ý-101=9 100 210 0.056 350 7,100

TABE 2. KLASUC LINIrTS AN) DELASTIC . 10 1600 200 0.97 2000 7,000
MW ALLOIS AT 75, 150, AND 200 1=(l3) 11 2300 200 0.44 100 6,000• : ~ii. i12 2300 (egled 20D 0&04 150 - 5,000

Test 114 hrToot ;
Tearera- Elastic Elastic 13 23000 (2 hr) 200 0.")

Mtol tire, F Limit, psi Modulus, psi 14 d 0.21 pr)strin 300 0.44 100 6,000
15 -o.4% •restrsin W0 0.44 2500 ,000

Inver 75 26,400 23 x 106 16 1 % %Pestrain -00 0.44 3000 7,200
1W0 25,000 22 x 106 17 4.91 prestasdn --1W 0.44 3200 8,000
200 24,700 21.5 x 106 18 OJ pestrein <200 0.44 1400 5,100

356-T6 75 8,100 11.3 )Se Figure 11 for dsfinition of oa, and ace
aluminum 150 7,350 10.8 (b) All samples annealed for 1 hr Im vecuaulees

200 7,190 10.5 otherwise indicated. Samples 1-7 rod stockg
8-18 sheet stock.

310 stainless 75 22,700 29.4 (c) Semle 13 tested in tension.
steel 150 20,400 28.5 (d Samples 14-18 wiw annealed I hr at 2300 F In

200 20,000 28.1 vacum, prestraln, then anneoled I hr at 1500 F
in vocuum prior to testing.

6061 almlinum 75 12,400 10.8
150 11,7On 10.3
300 10,430 10.0

TABLE 4. =WARISM OF MLAIN MTMJCTICW'k. MATERIALS FR~ uvmSWPES( 29) 1I
Steel Altfi..u Cor.aic

Density, 9/ra3 7.95 2.7 l.85 3.98 4.1

TwaW, A IXlWs, psi 30 10.4 44 56 15
CC~f f1¢Cient of IG-12 21-24 11.3 760 8.9

10-6 C
Poiswan's Ratio 0.28 0.34 0.01 0.205 0.33
Thermal 0.10-C,12 1X30.0.57 0.40 0.06 0.04

on j lasti c0ty, 

I

Cal cm-2S"I C-1
Ultimti o Tensile 6,000-300,000 30.,000-W,•O00 95.{OM 38IOOC 6R,ODDl:X-60.

Stre.rth, psi
P"ct iein Elastitc i6,000-100,CCO 1200- 00 ,,OW-112,O 38 ,•t0O

U nitS, p ý! 
.87

Rai (steol
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Alloy n bp0it"H. lightas of hocoosso Mattory Avers" ML, pai

310 C
al1 Anmeled at 200 F, air b1est qumch below -W0F, air 5,200

Coal (A) to Tom tmprsua v (IT)
M ktm. tllw (U) at Bo0 F for 24 ba, furnace cool 10,300

. "Strss yellew at o00 F for 2 hrs, fuwrnce coal 10,700
• ~44W CMG

$41 Retasded qench () to RT, SR at 30 F, alternate 3 deep 75,700
fres,. OF) at -100 F sad to.mp.s. Final teqr at

• 5650 P.
S42 Saem as $43 except for OF teatmonts at -320 F 9,200
S43 Sam as S41 except OF at -100 F pitor to 300 F U 8605W

SHOD sit malt
S51 Narquench, rp at -100 F, alternate 3 tempers at 300 F 5,60

and DF's
S52 Ums as SU1 except for OF tro-tmotas at -32D F 61,200S!53 Natitonal bureu of Standards •¢oaded treatment for 40,000

*• gag~e blacks.

561 Marquomh, OF at -100 F, lternate 3 tempers at 300 F 42,10D

962 Sme as S61 except for OF treatxonts at -320 F 32,800
"563 Sam as S61 except fInal 2 t, mprs at 65O F and 670 F 60,000

TAUE 6. IUUCAL I 1T1T AND I O STUX M _ I I -TICITW STUU(16)

Composition of
fl MiEcrostuctu~tre

C SI an P 5 N Al 0 j ert Pelt

1 0.020 0.12 0.02 0.022 0.027 0.0C 0.03 0.012 0.06 100 -

0.2 12 0.13 0.0 0.019 0.007 0.W1.5 O.C07 0.010 0.05 91 9
3 0.20- O.1L 0.02 0.018 0.008 0.006 O-CW 0.01! 0.05 86 i4
4 0.38 0.20 0.02 0.005 0.014 0.006 0.06 0.011 0.05 67 33
5 0.55 0.18 0.02 0.006 0.013 0.30f 0.02 0.011 0.05 49 U
6 0.55 0.17 0.36 0.012 0.010 ^.011 0.02 0.006 0.34 - ICC

' 0.013 C.13 0..i4 0.006 0.00 O.5 0.02 0.02•. 0.0M 100 -
8 0.013 0.11 0 . 'A 0.005 0.00e 0, n05 0.02 0.028 0.05 47 0 -
9 0.012 0.00 C.61 G.005- 0.009 O.CM 0.02 0.023 0.05 100 -

10 0.011 0.10 0.82 O..08 0.007; O.-i. 0.02 0.o1i 0.05 100



29

TABLE 7. DIMS 4LO AND HARMOES CHAAJMS ESLTING NX $JBE
EXOR OF ANREALED 17-73! STAINLESS STEEL

Oanges After Indicated
After -7t F ep cigitation "Be&l alt on i a

Specien Exposure First Second Tir OFuth X-

Chenge In Lammt, ails mer inch

1 +1.06 40.06 0 0 0
2 +I.02 -0.01 -0.03 -0.03 -0001 [
3 +1.23 +0.01 40.01 0 40.26

g Qfaim 1n DIM ttr. ails 2tr inch

1 +1.80 0 0 0 0
2 +1.60 40.16 0 40.16 0
3 +1.80 0 0 40.16 +1.60

Change In Hiardness

1 95% 95 % 95% 94% R9 9
2 94RB 92%. 95%B 94 Re 96
3 95 s 97 RB 96 Re 20D 26AC

Notes (a) Precipitation heat treatment for Specimen 1 -700 F.
(b) recpittio hot teatentfor Specimen 2 -900 F.-

(c) Precipitation hoot tratmet for Speime 3 -1100 F.

(d) Hardness solpecfns after 1 F an l -76 %.

tt

TABLE 8. DINEISI09(AL CHANGES IN SAIM-CAST Ng-Ad-7,r
wewsrux ALwrys CF houNAL cm~osnoNOO2)

TABtv- 9. DINENSI0A OvxAIs I* sAJM-CAST AZ91c
Linea•r r.oY OF HIGH AND LOW COM•usx-

____I___imlii__ I jLineara Growth TICROU)

Ally[ +TA:--•te Ilse h~r 21.2 F 275 F 350 F -- + ' ' J=-Linear G3rowth, pErcent

AZ63A -F 24 -- 0.001 3 .. .. F 3
96 0.014 0.02 T " ymnt T1., hr .. F 212.F 250 F 33D0

168 -- 0.012 0.025 Hie COltion
720 -- 0.025 0.026 -4 jO -0.002 0.001 -- -0.001

,4 i 0 .00 -0 6 ,--Y -40.0(• 007 010

-T4 10 0.001 0.002 0036 100 -.O0 C .AW 0.01? 01)5
" M W 00.00 0. 0 5,000 -O,.004 0. 05S 0.0 2 0.0021,000 0-..'- 0.OJ8 .0°08 0.005

AZ!A -2 , . 0O.08 0.0 51,00W 0.004 0.060 0.04 0.0

--00 060 -. CIA 033

1,000 -0.00M -- 0- 0.002

-T6 10 0 0 O.4 0 2 20,000 -0 .000 --- 0 .083---------

100 0004 C .Clr 0.015 10.CO(O 0°.3 0.078 0.7- 6 0 0 0.072 0.040
1,000 001 0C3

100CC .001 0.020 0.CW.? 100O- 0 0.0' 0.u 0.020

-1,00 0 0.C.5 0.028 0.039
&,.•IA F24 -- 0.t% 002 -%t000 0 0- 0 18 0.044 0.0 !

.0,000 0 0.025 0.0r4 0.046
-- 00.00014 C..029.!
0.8 - .,R13 0 _*34 !

'• -+•34 0.,34 -10l -0,(XW -0,•O 0.001 -0.011

100 -40,03 -0.0"5 0.002 0.-012

i 00 0,0C.4 0. ý-3{2 O..•"T 5,0CO -,0.00, 1 .. 01 6 04071 O.Om~mm __
i,+ 0.026 .C.+7f , - .0" 8 ,00 0..~ 00i ,7 .?

C'00 0-,D 0.03-0w 0.,7 0.OX74- ..

- _ 1. 0 0-- O.OmO--.4
100 C-A.lli3 C+.M I 0.tQ4 1 ,0M(. 0, O,0k'"' 0,0W5 0. C7-
COX 0 --. • OD4 01.02 O.EX 5,00C¢ C 0.021 OýCLg 0,069g

1O,OOC C ' ' C.C.v -2"CZ 0...027 - L0 OM .001 0.029 O.M rX , ".OMr
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lTll 104. WD MOSIIML CWES 1351110-CAS TAS- US 12. lEa? TYAA fl AND FANUIQA?0 OF 17-EPH

vi U M W¶rADMI ROAS31rA MAUS STAIUS iRi( 21)

OR 1" l 3.)

Tow TII,, , C-wpl1-oe Panpg"Uq -

* le t ~Austeeltized 192 p X(C) x I I

EW~A -T4 10 0.0"S 0.W 0 0 3.rQswtad inoil d~ at C x x x

100 0.017 0.003 o 0 Is(grtdoutgta
1,000 0.007 0.00 0 0 Rsi140 .e~ha-0 F

-Isitgvee 60.0 0.00 at oW Fi4.1 gF - x x

100 0.007 06M0 0 0 A964 ' -V-4 'it t 9%, - x - -

1,000 0.007 0.003 0 0 therrpigaud owern1gt at - - -

WAA T5 10 0.007 0.009 0.O001 0.O0
EýA-h 10 .1 .10 00 .0 Age 1l hr at 950 F x - -

1000 0.013 0.011 0.010 300** 6rmtaztrI I I Ed
5,000 0.013 0.011 0.010 0.006 OMM to$tsfrly x Id

nitridrq Onl

5,W .M 002 .01 . 1trided at IOWF. 2D% x x I I
T T6 10 0,12 0.007 0.0 0.T03 d1ssociation, appra I

100 0.014 0.=00 0.008 0.M Cn, hr
1,000 0.015 0.08 0.00 0.4 Copper che ally re- - -
5,000 0.015 0.0Am 0 06 0.005 mt--

M33A -F 10 0.011 0.012 0.015 0,410 RXVing faces gqr.'wd x x x -

100 0.0l3 0.015 0.017 0,012 C cI .talt ra- - -
1,000 0.014 C0.11 0.017 0.012 Gaging faces Iow x x x x

Stress relieved 4 hr at X x I x5,100 0.014 0.019 0.018 0.013 4o h r"

-T5 10 0.011 0,013 0.012 0.010 mm fa sa
1.00 0.013 0.016 0.015 0.012 Doease tisad x x x I

1,000 0.013 0.018 0.017 0.013 Lapped
5,000 0.013 0.019 0.018 0.014

W31lA -T4 10 0.011 0o013 0.010 0.017 a lock received only those tratents indicated
100 0.011 0.011 0.013 0.010 by X. Order of procedure ib chrotiological

1,9000 0.011 0w014 - - from tnp to bottom.
5,000 0.011 O.Cl4 -' - (b) To Inhb)It nitriding and eliminate noei for

1 =Cnd0n0 of nongaging surfaces after nitriding.
-76 10 0.003 0.003 0.002 0.016 (c) Manufa-turor'$ recmmended hoat treatment for100 0.003 0,.,CS 0.•00 0.011 c~il 0•

1,000 0.003 0.007 0,013 0.O1 H 125.

5,000 0.003 0.007 0.013 0.011

K,32A -F 10 0.011 0.006 0.006 0.006 TALE 13. MIT HEAT n._T•]7 P-A. BMYLLI431)

100 0.013 0.007 C.006 0.007
1,000 0.014 0.006 0.007 0.00"
5,000 0.014 0.006 0.006 0.006g

-T5 10 0.011 0.008 0.008 0.006
100 0.013 0.010 0.010 O•e L-uj iachine all o~evr

1,000 0.014 0.011 0.011 O.VXw Age at 1450 F *2 In e hydrogen or protectilv
5,000 0.014 0.012 0.012 0.010 atmosphere for or$* hour

Finish machine
Cycle 5 times - f ran "-. F to -110 F. Aix more

and air cool between cyclIng periods

TAW.E ii. DINKS1OK•L •OuW S IN SAJE)-CAt U.A4-i
f1SJ 20L)Y'-} Parts to be rough aIdcAnod alloitng 0.0051-in. per

Sid t4o finish s$I-_
Heat to 14M0 F *2ý for I l- -s in ysa-u or pro-

tart~d ,tmtphf rv
TiIe. Lkr~aMr Cotra~Uorifg oc Cool- at a rat& of i000 Per -•o , uhI : ) F

Vr 212 F •0 F 400 F ( F 600 (vac.im or protected ati.. f--, Wt needed below
70 F) th" stll air c-' to roon t rw"raturv

1 O.002% 0.003S C, C.006% 0.006%
2 C.001 0.E l," .0.=0 0.00M 0.O06

4 0.003 0.002 0.001 0.005 0.008 acIAn*e parts tc finlut ZIse
'-cc ,~ .*.c2 000 .06 Heat to *210 F a10 In' de1irt~red bo~llin motor for

i4 0.0It 0.004 +10..= .• -- 10 al utes
48 1 C.0C4 0.001 C.001'. 0.O1 l1v- tM ••- taeraztr* for 10 &4r--:tes
96 .02 0.002 +C.004 -- - Cool to -400 F *10 In *ceolra*nd dry Ice (,for 1.0

19O2 C0.001 (.003 i - - inutet
Repeat p1rocsr ' cyce.
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TABUE 14. F3FECT OF TOWEI~RAT OLMSME ON THE STRM SUI3KW- IN POLYCRYSTALINE,
MON(1310 MATERIA.tD

Material Lattice. Yoe k2- pote* a.

Uranium Mofvociinic '%rthortxinbic) 0.254 5150 135.0 360
SelontIs Haxagonal 0.154 200 30.8 219

line xagonal 0.12 400 50.0 178
Cadmium Hexagonal 0.0645 300 19.3 9
Tin Tatraqonal 0.0506 200 101i 72
Telluriumi Hexagonal 0.X021 3M0 11.3 46
Zirconium Hexagona 0.0=MO 24.0 39
Antimony RhoM hD~ra1 (tzigona1) 0.0150 600 9.0 21
Bismuth Rhoabhedral (trigonal) 0.0066 250 1.65 9.4
16gnestib Hexagonal 0.00193 550 1.06 2.7

% is the seximum -tress "hich wy arise close to the grain wuotdaries In a poiycrystal-
line aggregate with variation of temprature by 101 £ff the possible rangei of tompea-
turej % *tthe stresses correspotiiing to this range of temperature-s.

TABLE 15. EFFBZT OF CRYOGENIC AGING AND REACTOR
IRRADIATILW)N 1 THE LENGTH OF GAG B3L0
AS MA3JRED BY OPTICAL LUWtIWuu15

Ohange in 0,-70 Inch
Sivecimn L~nqth, *2.O

Designation Titatment microinches/1'r.

so qefr~qeration Cycled TH NI rWit AUSwrnT IN GAW (4)

Control Roec- teqetiat..re +1.0

L-t 100~ Crgn I c a 11y +:Q.0 &Pctft k2IMLU'.11L. *4 MI
aged.ato W'it! .f, A, clý A!

Lot IC01 1 rradiated +2.0 WO t -riftnilg~ cyl

L.,ýt 102 Irradiated +3.0 Sre

Let 1.0 Irlei t~d ;9. .

Leftan C1ila lrolt-d 4

Control R -cm--,4-A ýra t +. o Im

Lot i2o ýYoq.44ncsaiy -31.0 i2.,1r ac.o1.Prt" - 26= -C.-

Lot 1.. liadiatad -1 5.cloLe I

=t.4 jt sA Iwr~zlasr -513.04 54.1C-"17

4 Mes~ur-*-'n týýen ' ays *'trr orV1 c.'



7.% 17.~ EFF19r: Of CTIOMWXC ACING AM ACiA IRRADIATION

O E " V-1LU-49tJ1W RiAc"MEA~ IN GSJ 8 AMTO 03IA1I?1GC H LiI 1  f-

011"O~t IO4 Stjrfow TrOVSoit *4000 pal MM0 pot1w~~t~

3nfritoatoft vlka In 4<0 zldltionI cy

Cntrel SW~ A cm.-tamperatiw. -Asi'0 -3,70D
4an,200 MCI*O +1 +i240.~ 4C.,0 Q.0

k14tW Sd lI: Cryogonicalty -0,00 740 Lot 101 U!f16 -"v ij;0 4-,4 V0
Lot 1 Side I Irradiated -3 *@i.0 2"M

Side 2 .12I016 nvt -3960 -3,700~i 1.

Lot 103 Side I 1rroeIope, 4'0,00% -2,1WC Lct 123 sý-118 V-ft 0.0 -"I.o -5S.o -) '~
SW.e 2 540- h rtt -58V0(s -2,600

c~ortrok Sid* I Rowte-tqrature -114t.700 -24100
side 2 storeqe-g5,O -5,600

Lot 120 Side Cryagenical % -131,900 -2'e' loo
Sidi 2 aged -140,200 -.4,4%0

Lat 12! Side 1 Irrsdinted -163,400 -8,8w
Side 2 5xlo16 nt -156,,300 -10,2OM

TAA 9.SAMA CV Q.WMS OF 1EI3HM, 1t'WPAICIAL RESIDUAL.
Lot 122 Side 1, Lradiat~d -144,300 -21,60019

Side 2 5X, 17 nyt -13$,200 -17,3W( 'Zc" 1rIE AKUlff OF RVADM I STIEI3AJTE IN

!At 12.3 Sido I Irraditatd -12:5,600 -33,25i0_______
Side 2 5XIM-7r-vt -133,200 -Vý'ALV Averaged Charge In

*Minus siqn (-) Inwi~ates coinprwaii str'aas as w - avd *n Change in Am~ount of
(12-21)uresolved doublvt. Chargea in Residut.1 hetained

maie~ata(11)-21)S~cmnLeNqth, Stress, Austenite,

Designation Tri~a3tant A2.Oibin./In. ADOOO psi *0.3 voi%

Not Refrineyati~nn Cycled

Coatro1 Roc&t*NaratV2* 41.0 -3, IM -0.2

Lot i01 1rry"AdAIitt +32.0 -33600 -.

Lot 101 Irryd~od~ia1 +32.0 -3,300 -0.2
5X1016 nv-t

Wot. 102 Irr~cdiated +3.0 -2,20- -0.5
5YI0 17 

ntw

Lot 103 Irradiated +207.4 -2,400 .

Control Ro-eprtr +2.0 -2,85C. -0.3
star~ge

Lot ý20 Cryof-enicaily -a.0 -14,550 -.0.6

Lot 121 I rradiated -!5.0 - 9,600 40.1I

5xj16~ nvt

Lot 123 irradiated -591.0 -31,000 -11.8
5XI18 wmyt
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